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(37) ABSTRACT

A bandgap reference circuit includes a reference current gen-
erator for respectively generating a first reference current on
a first current path and a second reference current on a second
current path, a current mirror for generating a third reference
current on a third current path based on the first and second
reference currents, an operation amplifier for rendering the
first reference current substantially identical to the second
reference current and a feedback circuit for rendering a node
voltage on the first current path substantially identical to
another node voltage on the third current path, so as to elimi-
nate possible errors caused by a channel length modulation
elfect 1n the current mirror.
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1
BANDGAP REFERENCE CIRCUIT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to an improved
bandgap reference circuit capable of improving the electrical
characteristic of power supply rejection ratio (PSRR) and
temperature coellicient (TC) thereof.

2. Description of Related Art

For a digital-to-analog converter (DAC), an analog-to-digi-
tal converter (ADC) or a regulator, at least a fixed and stable
reference voltage 1s required to the operation thereof. The
reference voltage 1s preferably to be stably regenerated when-
ever starting up the power supply. An 1deal reference voltage
1s preferably free from intluences ol process nonconfor-
mance, operation temperature change and power source vari-
ance.

It 1s well known that a bandgap reference circuit 1s suitable
for providing a reference voltage. Thus, 1n a number of elec-
tronic systems, a bandgap reference circuit plays an important
role since a bandgap reference circuit would vitally affect the
stability and accuracy of the system.

Usually, a bandgap reference circuit includes following
major components: a current mirror, an operation amplifier, a

bandgap current generator and a load.

FIG. 1 1s a schematic drawing of a conventional bandgap
reference circuit. The bandgap reference circuit includes
MOS ftransistors (metal oxide semiconductor transistor)

M11-M13, an operation amplifier OP1, BJTs (bipolar junc-
tion transistors) Q11 and Q12, resistors R11 and R12 to

constitute a bandgap current generator and a load R13.

The bandgap current generator i FIG. 1 includes two
current paths, through which two currents I1A and I1B gen-
erated thereby respectively tlow and I1A=I1B=111+112. The
current 111 herein 1s a Proportional solute Temperature
(PTAT) current, while the current 112 1s a Complementary
solute Temperature (CTAT) current; therefore, the resulting
current I1A or I1B of the currents 111+112 1s regarded as a
temperature-independent current. In addition, thanks to the
operation of a current mirror, I1C=I11A=I1B; thus, I1C 1s also
regarded as a temperature-independent current. Furthermore,
because VREF=I1C*R13, the reference voltage VREF gen-
crated by the bandgap current generator 1s regarded as a
temperature-independent current as well.

In consideration of the channel-length-modulation effects
of the MOS transistors, I1A=I1B=I11C. The cause of the uni-
dentical relationship herein 1s that although an effect of vir-
tual ground (V1A=V1B) results in the drain-source voltages
of the MOS transistors M11 and M12 are identical to each
other; but another node voltage V1C 1s not necessarily 1den-
tical to V1A or V1B. As a result, the drain-source voltages of
the MOS transistors M11 and M12 are not necessarily iden-
tical to the drain-source voltage of the MOS transistor M13,
1.€. Voo 1=V psas 52 Y neasz- Such mismatch of the drain-
source voltages 1s quite sensitive to the power source and the
temperature, which would lead to a poor power supply rejec-
tion ratio (PSRR) and an unacceptable temperature coetii-
cient (TC).

Based on the above-described situation, 1t 1s highly desir-
able to improve the conventional bandgap reference circuit to
overcome the disadvantages of the prior art, 1.e. capable of
providing a better temperature coetlicient and improving the
poor PSRR characteristic. Besides, the improved bandgap
reference circuit should be designed without specific circuit
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components and fabricated by standard CMOS (complemen-
tary metal oxide semiconductor transistor) processes.

SUMMARY OF THE INVENTION

Accordingly, the present invention 1s directed to an
improved architecture of bandgap reference circuit serving as
a bandgap reference circuit 1n current mode.

The present invention provides an improved architecture of
bandgap reference circuit capable of providing a better tem-
perature coellicient and better PSRR characteristic.

The present invention provides a bandgap reference circuit,
which can be operated by a low voltage power source and has
low dependency on temperature coellicient and can also be
tabricated in CMOS processes.

As embodied and broadly described herein, the present
invention provides an improved bandgap reference circuit,
which includes a reference current generator for generating a
first reference current on a first current path and a second
reference current on a second current path, a current mirror
for generating a third reference current on a third current path
according to the first reference current and the second refer-
ence current, a first operation amplifier coupled to the first
current path and the second current path so as to render a first
node voltage on the first current path i1dentical to a second
node voltage on the second current path, a feedback circuit
coupled to the first current path and the third current path so
as to render the first node voltage substantially identical to a

third node voltage on the third current path, and a reference
load.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
turther understanding of the invention, and are incorporated
in and constitute a part of this specification. The drawings
illustrate embodiments of the invention and, together with the
description, serve to explain the principles of the invention.

FIG. 1 1s a schematic diagram of a conventional bandgap
reference circuit.

FIG. 2 15 a block diagram of a bandgap reference circuit
according to a preferred embodiment of the present invention.

FIGS. 3-6 are several implementations of the embodiment
of the present invention.

FIGS. 7a and 7b are curves showing the relationships of
reference voltage VREF vs. temperature for the prior art (FIG.
1) and the present embodiment (FIG. 3).

FIGS. 8a-8f are curve graphs showing the relationships of
reference voltage VREF vs. temperature under different
power source voltages for the prior art (FIG. 1) and the
present embodiment (FIG. 3).

FIGS. 9a and 96 are curves showing the relationships of
reference voltage VREF vs. voltage source’s voltage for the
prior art (FIG. 1) and the present embodiment (FIG. 3).

FIGS. 10a-10f are curves showing the relationships of
reference voltage VREF vs. power source voltage under dif-

terent stmulation temperatures for the prior art (FIG. 1) and
the present embodiment (FIG. 3).

DESCRIPTION OF THE EMBODIMENTS

To render the explanation of the present mvention more
clear, several embodiments of the present invention are exem-
plarily described hereinatter.

In order to reduce the possibility of the mismatch of the
drain-source voltages of the current mirror’s MOS transistors
as 1n the case of the prior art, another operation amplifier 1s
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employed according to an embodiment of the present imnven-
tion such that the drain-source voltages of all the MOS tran-
s1stors 1n the current mirror are substantially identical to each
other and a circuit error caused by a channel-length-modula-
tion effect can be reduced.

FIG. 2 1s a block diagram of a bandgap reference circuit
according to a preferred embodiment of the present invention.
The bandgap reference circuit includes a current mirror 210,
an operation amplifier OP21, a bandgap current generator
220, a feedback circuit 230 and a load R2.

The bandgap current generator 220 1s adapted for generat-
ing temperature-independent currents 12A and 12B, wherein
the architecture of the bandgap current generator 220 1s not
specifically defined, but functions at least to generate a band-
gap current. The operation amplifier OP21 enables the node
voltages V2A and V2N to be substantially identical to each
other.

The current mirror 210 mirrors another temperature-inde-
pendent current 12C based on the currents 12A and 12B gen-
crated by the bandgap current generator 220. Similarly, the
architecture of the current mirror 210 1s not specifically
defined here.

The feedback circuit 230 may render the node voltages
V2C=V2A; consequently, all the MOS ftransistors (not
shown) 1n the current mirror 210 substantially have a same
drain-source voltage, and the currents generated by all the
MOS transistors 1n the current mirror 210 are substantially
matched with each other by even taking a channel-length-
modulation effect into consideration. That 1s to say once all
the MOS transistors for generating currents 12A, 12B and 12C
have same sizes, then 12A=[2B=I2C and the currents 12A,
I2B and I12C are temperature-independent currents.

The feedback circuit 230 1ncludes, for example, an opera-
tion amplifier OP22 and a MOS transistor M21. The positive
and negative input terminals of the operation amplifier OP22
are respectively coupled to the nodes V2A and V2C, while the
output terminal thereof 1s coupled to the gate of the MOS
transistor M21. The source of the MOS transistor M21 1s
coupled to the node V2C and the current mirror 210, the gate
thereot 1s coupled to the output terminal of the operation
amplifier OP22 and the drain thereof 1s coupled to the load
R2.

FIGS. 3-6 illustrate several, but not limited to, implemen-
tations of the present embodiment. The bandgap reference
circuit in FIG. 3 includes MOS transistors M31-M33 (to form
a current mirror), an operation amplifier OP31, an operation
amplifier OP32 and a MOS transistor M34 (to form a feed-
back circuit), a plurality of current components (for example,
BJTs Q31 and (Q32), resistors R31 and R32 andaload R33. In
addition to BIT, the current components can also be imple-
mented by using diode, MOS transistor operated in sub-
threshold region or diode turn-on NMOS (DTNMOS).

A negative feedback mechanism of the operation amplifi-
ers OP31 and OP32 enables the node voltages V3A, V3B and
V3C to be substantially 1dentical to each other, 1.c.
V3A=V3B=V3C. In this way, the drain-source voltages of
the MOS transistors M31-M33 are substantially 1dentical to
cach other. At this time, even by taking a channel-length-
modulation effect into consideration, the currents I3A, 13B
and I3C generated by the MOS transistors M31-M33 are
substantially identical to each other as well (assuming the
s1zes of the MOS transistors M31-M33 are the same).

The bandgap reference circuit in FIG. 4 mcludes MOS
transistors M41-M43 (to form a current mirror), an operation
amplifier OP41, a MOS transistor M44 and an operation
amplifier OP42 (to form a feedback circuit), a plurality of
current components (for example, BI'Ts Q41 and (Q42), resis-
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tors R41 and R42 and a load R43. In addition to BJT, the
current components can also be implemented by using diode,

MOS transistor operated in subthreshold region or diode turn-
on NMOS (DTNMOS).

The bandgap reference circuit in FIG. 5 includes MOS
transistors M51-M54 (to form a current mirror), an operation
amplifier OP51, a MOS transistor M55 and an operation
amplifier OP32 (to form a feedback circuit), a plurality of
current components (for example, BITs Q51 and (Q33), resis-
tors R51-R55 and a load R56. In addition to BJT, the current

components can also be implemented by using diode, MOS
transistor operated in subthreshold region or diode turn-on

NMOS (DTNMOS).

The bandgap reference circuit i FIG. 6 includes MOS
transistors M61-M63 (to form a current mirror), an operation
amplifier OP61, a MOS ftransistor M64 and an operation
amplifier OP62 (to form a feedback circuit), a plurality of
current components (for example, MOS transistors M65-
M66 operated 1n subthreshold region), resistors R61-R63 and
a load R64. In addition to MOS transistor operated 1n sub-
threshold region, the current components can also be imple-
mented by using diode, BIT or diode turn-on NMOS (DTN-
MOS).

For simplicity, the description of the operation of the archi-
tectures 1n FIGS. 4-6 are omitted, and anyone skilled 1n the art
would be aware of possible prior errors resulting due to a
channel-length-modulation effect would be avoided accord-

ing to the architectures in FIGS. 4-6 and the circuit principle
described 1n FIG. 2.

In order to confirm the advantages of the present embodi-
ment, several characteristic graphs shown 1n FIGS. 7-10 were
obtained by simulation.

FIGS. 7a and 7b are curves showing the relationships of
reference voltage VREF vs. temperature of the prior art (FIG.
1) and the present embodiment (FIG. 3). FIGS. 7a and 75
show five curves showing the relationship of different power
source voltages, respectively (V,,=1.0V, V,=1.1V,
V=12V, V=13V and V,,,,=1.4V). Since all the refer-
ence voltages under different power source voltages are very
close to each other, the five curves 1n FI1G. 76 may be difficult
to be 1dentified.

The temperature coelficients for the prior art (correspond-
ing to FIG. 1) and the present embodiment (corresponding to
FIG. 3) under different power source voltages are shown 1n
the following table for comparison.

Power Source Voltage

(V)
1 1.1 1.2 1.3 1.4
Temperature The Prior Art 166.67 34.85 7.58 2879 50.00
Coeflicient  (FIG. 1)
(ppm/K) The Present 9.04 9.04 7.53 7.53 7.53
Embodiment
(FIG. 3)
FIGS. 8a and 8f are curves showing the relationships of

reference voltage VREF vs. temperature under different

power source voltages for the prior art (FIG. 1) and the
present embodiment (FIG. 3). In FIGS. 8a-8f, PFNF denotes

PMOS fast NMOS fast, PINT denotes PMOS typical NMOS
typical and PSNS denotes PMOS slow NMOS slow, wherein
PENE, PINT and PSNS are aware of by anyone skilled in the

art and they are omitted to explain herein.



US 7,834,610 B2

S

Similarly, FIGS. 8a-8f show five curves representing the
relationship curves for different power source voltages,
respectively (V,,=1.0V, V=11V, V,,=1.2V, V,,=1.3V
and V,,~=1.4V). Since all the reference voltages under dii-
ferent power source voltages are very close to each other, the
five curves in FIGS. 84-8f may be difficult to be identified.

FIGS. 9a and 956 are curves showing the relationships of
reference voltage VREF vs. temperature for the prior art (FIG.
1) and the present embodiment (FIG. 3). FIGS. 94 and 95
show five curves representing the relationship curves for dif-
ferent simulation temperatures, respectively (-40° C., 0° C.,
25° C., 85° C. and 125° C.). Since all the reference voltages
under different temperatures are very close to each other, the
five curves 1n FIG. 96 may be ditficult to be 1dentified.

The PSRR coeflicients for the prior art (corresponding to
FIG. 1) and the present embodiment (corresponding to FIG.
3) under different temperatures are shown in the following
table for comparison.

Temperature (° C.)

_40 0 25 85 125
PSRR  The Prior At 1244 819 681  4.63  3.44
(%/V)  (FIG. 1)

The Present 006 009 019 022 026

Embodiment
(FIG. 3)

FIGS. 10a~10f are curves showing the relationships of
reference voltage VREF vs. power source voltages under
different simulation temperatures for the prior art (FIG. 1)
and the present embodiment (FIG. 3).

Similarly, FIGS. 10a-10fshow five curves representing the
relationship curves for different simulation temperatures,
respectively (-40° C., 0° C., 25° C,, 85° C. and 125° C.).
Since all the reference voltages under different simulation
temperatures are very close to each other, the five curves in
FIGS. 104-10f may be difficult to be 1identified.

According to the above described, advantages of the
present embodiment rest 1n that, the novel bandgap reference
circuit providing better temperature coellicients and PSRR
characteristics, being operated by low voltage power source
and having low dependency on temperature.

In addition, since another operation amplifier 1s employed
to render the drain-source voltages of all the MOS transistors
in the current mirror are substantially identical to each other,
thus a circuit error caused by a channel-length-modulation
elfect can be reduced.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structure of
the present mvention without departing from the scope or
spirit of the invention. In view of the foregoing, 1t 1s intended
that the present invention cover modifications and variations
of this mvention provided they fall within the scope of the
following claims and their equivalents.

What 1s claimed 1s:

1. A bandgap reference circuit, comprising:

a reference current generator, for generating a first refer-
ence current on a first current path, and generating a third
reference current on a third current path;

a current mirror, for generating a second reference current
on a second current path according to the first reference
current,

a feedback circuit, coupled to the first current path and the
second current path to render a first node voltage on the
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6

first current path substantially identical to a second node
voltage on the second current path; and

a first operation amplifier having a positive input terminal
coupled to the third current path, a negative input termi-
nal coupled to the first current path and an output termi-
nal coupled to the current mirror.

2. The bandgap reference circuit according to claim 1,
turther comprising a reference load coupled to the feedback
circuit for providing a reference voltage.

3. The bandgap reference circuit according to claim 2,
wherein the feedback circuit comprises a second operation
amplifier and a first transistor.

4. The bandgap reference circuit according to claim 3,
wherein the second operation amplifier has a positive input
terminal coupled to the first current path, a negative input
terminal coupled to the second current path and an output
terminal coupled to the first transistor.

5. The bandgap reference circuit according to claim 4,
wherein the first transistor has a source coupled to the second
current path, a gate coupled to the output terminal of the
second operation amplifier and a drain coupled to the refer-
ence load.

6. The bandgap reference circuit according to claim 1,
wherein the reference current generator comprises:

at least a first current component, coupled to the first cur-
rent path and capable of conducting current on the first
current path; and

at least a second current component, coupled to the second
current path and capable of conducting current on the
second current path,

wherein each the first current component and each the
current component can be a bipolar junction transistor, a
diode, a MOS transistor operated 1n subthreshold region
or a diode turn-on NMOS (DTNMOS).

7. A bandgap reference circuit, comprising;

a reference current generator, for respectively generating a
first reference current on a first current path and gener-
ating a second reference current on a second current
path;

a current mirror, for generating a third reference current on
a third current path based on the first reference current
and the second reference current;

a first operation amplifier, coupled to the first current path
and the second current path to render a first node voltage
on the first current path substantially 1dentical to a sec-
ond node voltage on the second current path; and

a second operation amplifier, coupled to the first current
path and the third current path to render the first node
voltage substantially 1dentical to a third node voltage on
the third current path.

8. The bandgap reference circuit according to claim 7,
wherein the first operation amplifier has a positive iput ter-
minal coupled to the second current path, a negative input
terminal coupled to the first current path and an output termi-
nal coupled to the current mirror.

9. The bandgap reference circuit according to claim 7,
wherein the second operation amplifier has a positive input
terminal coupled to the first current path, a negative input
terminal coupled to the third current path and an output ter-
minal.

10. The bandgap reference circuit according to claim 9,
turther comprising a first transistor having a source coupled to
the third current path, a gate coupled to the output terminal of
the second operation amplifier and a drain.

11. The bandgap reference circuit according to claim 10,
turther comprising a reference load coupled to a drain of the
first transistor.
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12. The bandgap reference circuit according to claim 7,
wherein the reference current generator comprises:

at least a first current component, coupled to the first cur-
rent path and capable of conducting current on the first
current path; and

at least a second current component, coupled to the second
current path and capable of conducting current on the
second current path,

wherein each the first current component and each the
current component can be a bipolar junction transistor, a
diode, a MOS transistor operated 1n subthreshold region

or a diode turn-on NMOS (DTNMOS).

13. A bandgap reference circuit, comprising:

a reference current generator, for respectively generating a
first reference current on a first current path and gener-
ating a second reference current on a second current
path;

a current mirror, for generating a third reference current on

a third current path based on the first reference current
and the second reference current;

a first operation amplifier, coupled to the first current path
and the second current path to render a first node voltage
on the first current path substantially 1dentical to a sec-
ond node voltage on the second current path; and

a feedback circuit, coupled to the first current path and the
third current path to render the first node voltage sub-
stantially i1dentical to a third node voltage on a third
current path; and

a reference load, coupled to the feedback circuit to provide
a reference voltage.
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14. The bandgap reference circuit according to claim 13,
wherein the first operation amplifier has a positive input ter-
minal coupled to the second current path, a negative input
terminal coupled to the first current path and an output termi-
nal coupled to the current minor.

15. The bandgap reference circuit according to claim 13,
wherein the feedback circuit comprises a second operation
amplifier and a {irst transistor.

16. The bandgap reference circuit according to claim 135,
wherein the second operation amplifier has a positive input
terminal coupled to the first current path, a negative input
terminal coupled to the third current path and an output ter-
minal coupled to the first transistor.

17. The bandgap reference circuit according to claim 16,
wherein the first transistor has a source coupled to the third
current path, a gate coupled to the output terminal of the
second operation amplifier and a drain coupled to the refer-
ence load.

18. The bandgap reference circuit according to claim 13,
wherein the reference current generator comprises:

at least a first current component, coupled to the first cur-

rent path and capable of conducting current on the first
current path; and

at least a second current component, coupled to the second

current path and capable of conducting current on the
second current path,

wherein each the first current component and each the

current component can be a bipolar junction transistor, a

diode, a MOS transistor operated 1n subthreshold region
or a diode turn-on NMOS (DTNMOS).
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